Abstract The beginning of the atomic age marked the outset of nuclear weapons testing, which is responsible for the radioactive contamination of a large number of sites worldwide. The paper aims to analyze nuclear weapons tests conducted in the second half of the twentieth century, highlighting the impact of radioactive pollution on the atmospheric, aquatic, and underground environments. Special attention was given to the concentration of main radioactive isotopes which were released, such as 14 C, 137 Cs, and 90 Sr, generally stored in the atmosphere and marine environment. In addition, an attempt was made to trace the spatial delimitation of the most heavily contaminated sites worldwide, and to note the human exposure which has caused a significantly increased incidence of thyroidal cancer locally and regionally. The United States is one of the important examples of assessing the correlation between the increase in the thyroid cancer incidence rate and the continental-scale radioactive contamination with 131 I, a radioactive isotope which was released in large amounts during the nuclear tests carried out in the main test site, Nevada.
INTRODUCTION
The end of World War II marked the beginning of the atomic age, when a number of states launched the nuclear arms race. Initially, in the synergistic context of Cold War geopolitics and the lack of effective international disarmament policies, countries like the United States, the USSR, the United Kingdom, France, and China became nuclear powers during 1945 -1964 (Katz 2008 Schenck and Youmans 2012) . During this period, a large number of nuclear tests were conducted in all global environments (atmosphere, underground, and underwater) . Between 1945 and 1963 , the United States and the USSR conducted a large number of nuclear tests in the atmosphere, the most representative examples being the first nuclear explosions of the hydrogen bomb conducted in 1954 by the United States, in the Marshall Islands, on the Bikini atoll (the Castle Bravo test); and in 1961, by the USSR, in the Novaia Zemlia archipelago, north of the Ural mountains (the Tsar test) (Goodby 2005) . The severe environmental damage caused by these nuclear tests, the most powerful ever to be conducted in the atmosphere, as well as the general context of global nuclear weapons tests, have created the premises of the first instance of large-scale international cooperation to eliminate nuclear weapons testing.
Thus, 1963 marked a milestone with the entry into force of the Limited Test Ban Treaty (LTBT), a treaty stipulating a ban on nuclear weapons tests in all global environments, except for the underground (Rubinson 2011) . Although it was not signed by two key states-France and China (Mastny 2008) , as these countries continued their nuclear weapons tests in the atmosphere-the treaty had a genuine impact in limiting radioactive isotopes in the atmosphere in the two hemispheres from 1963 on (Levin et al. 1994; Manning and Melhuish 1994) .
The entry into force of the Non-Proliferation Treaty (NPT) in 1968, banning nuclear arming of all states of the world, with the exception of the five existing nuclear powers, was another key moment in the efforts to end the nuclear arms race and, indirectly, nuclear weapons testing (van der Meer 2011) . Although the provisions of the treaty were to be implemented with the help of the International Atomic Energy Agency (IAEA) (Weitz 2011) , geopolitical experiences of the last four decades have shown that, outside the scope of the NPT, a different category of nuclear states had emerged, including India, South Africa, Pakistan, North Korea, and apparently Israel (unconfirmed nuclear status) (McDonnell 2013) , with some of these countries conducting nuclear weapons tests of their own.
In 1996, a new phase in stopping all types of nuclear tests began, with the United Nations adoption of the Comprehensive Nuclear-Test-Ban Treaty (CTBT 1996) . However, the large number of nuclear weapons tests carried out in the atmosphere and underground during (the last nuclear test was performed by North Korea) was responsible for the current environmental contamination with radioactive waste which resulted in ecologically and socially destroyed sites, due to high levels of radioactivity.
The present study is based on an analysis of the environmental impacts generated by nuclear weapons tests, mainly discussing the matter of atmospheric and oceanic environmental contamination both in global and regional contexts, and punctual matters concerning human exposure to radioactive pollution.
GEOPOLITICAL CONTEXT AND PARTICULARITIES OF NUCLEAR WEAPONS TESTS
The alarming nuclear arms race that the five nuclear powers launched in the second half of the twentieth century was the result of the special status they enjoyed during the international nuclear disarmament policies, of which the most representative example is the NPT (Grotto 2010; Prȃvȃlie 2012) .
These countries are part of the nuclear weapon states category, allowed to own nuclear weapons, as stipulated by the NPT from 1968 (Sauer 2006) . The second category, the nuclear-armed states, is represented by India, South Africa, Pakistan, North Korea, and most likely Israel-the nuclear states armed between 1968 and 2006-currently considered outside the NPT (McDonnell 2013). The exception is South Africa, the country that disarmed itself after the year 1990 in the context of internal political changes (Magnarella 2008) . The reasons which led to the proliferation of nuclear weapons are mainly of geopolitical nature: international prestige, geostrategic regional consolidation, and regional/global power status (van der Meer 2011). Therefore, testing nuclear weapons was one of the main ways of asserting nuclear power status, as well as the place held by these states in the hierarchy of nuclear geopolitics.
According to the data provided by the Stockholm International Peace Research Institute platform, 2053 nuclear tests were conducted worldwide during 1945 -2006 (Fedchenko and Hellgren 2007 . The majority (85 %) were conducted by the USA and the USSR during 1945-1992, while 14.5 % (300 tests) were conducted by the United Kingdom, France, and China (Fig. 1a, b) , and less than 1 % by India, Pakistan, and North Korea.
Nuclear tests were conducted in all environments, namely in the atmosphere, underground, and underwater. Approximately 25 % (530 tests) were conducted in the atmosphere (or in a few cases under water) and 75 % in the underground (1517 tests), which are performed in almost 100 % of cases by the nuclear weapon states, and only in 0.3 % of cases by India, Pakistan, and North Korea/DPRK (Fig. 1c) . The USA and the USSR/Russia were responsible for 82 % of all the tests conducted in the atmosphere during 1945 -1963 ) and for 86 % of those performed in the underground during 1951-1992. In terms of energy released in nuclear explosions, expressed in megatonnes (Mt) of TNT equivalent, two different processes were involved, namely fission (of 235 U and 239 Pu isotopes in a chain reaction) and fusion (of the hydrogen isotopes, deuterium and tritium, in a thermonuclear process) (United Nations Scientific Committee on the Effects of Atomic Radiation, UNSCEAR 1993). In terms of radioactivity, the fission process produces a whole range of radionuclides, while the fusion process generally only produces tritium ( 3 H). However, the fusion process can also generate other radioactive materials (responsible for large amounts of radioactive debris), especially because of the inherent fission process of certain stages of thermonuclear reactions.
Between 1951 and 1992, nuclear tests totaled an explosive yield of approx. 530 Mt, of which 83 % (440 Mt) were due to the atmospheric nuclear tests carried out between 1951 and 1980, and 17 % (90 Mt) to the underground nuclear tests carried out between 1962 and 1992 ( Fig. 1e) . Of the 440 Mt resulting from atmospheric tests, 57 % (251 Mt) were due to the fusion yield and 43 % (189 Mt) to the fission yield (UNSCEAR 2000a) . With regard to the five major nuclear powers, the Soviet Union is responsible for the production of 285 Mt (54 % of the total of 530 Mt), followed by the United States (200 Mt), China (22 Mt), France (13 Mt), and the United Kingdom (10 Mt) (UNSCEAR 2000a).
RADIOACTIVE POLLUTION OF THE ATMOSPHERE AND MARINE ENVIRONMENT
Approximately 90 % of all nuclear tests were conducted in the northern hemisphere, especially by the USA, the USSR/ Russia, and China, and only 10 % (about 208 tests) in the southern hemisphere, by countries such as France and the United Kingdom. The northern hemisphere is therefore more contaminated than the southern one due to the presence of large quantities of radioactive isotopes (especially 14 C, 137 Cs, and 90 Sr) released into the atmosphere during nuclear weapons tests (UNSCEAR 1993) . It is important to note that higher radioactivity of the northern hemisphere is also due to other factors, such as nuclear power-plant accidents. The most representative examples are the accidents at Chernobyl (1986) and Fukushima Daiichi (2011) (Grandin et al. 2011; Högberg 2013) , which resulted in the release of large amounts of radionuclides into the atmosphere, of which the most important are Atmospheric nuclear weapons testing involved the release of considerable amounts of radioactive materials directly into the environment and caused the largest collective dose from man-made sources of radiation (UN-SCEAR 2000a) . Among the most relevant studies on the total collective dose to the world population, the UN-SCEAR reports stand out, especially those drawn up in 1982 (UNSCEAR 1982 ) and 1993 (UNSCEAR 1993 , which are considered to be complete and valid even to this day (UNSCEAR 2000a) .
According to the UNSCEAR report (1993) , following atmospheric nuclear testing, the main contributor to the total effective dose commitment to the world's population is 14 C, contribution of which is 70 % (Fig. 2) over the course of thousands of years (out of the total dose of 3700 lSv, radionuclide 14 C accounts for 2580 lSv). Considerable percentages are also found in the cases of radionuclides, 137 Cs (13 %) and 90 Sr (3 %), as well as seven other radionuclides with effective dose percentage values ranging from 1.1 to 2.4 %. It is estimated that, apart from radionuclide 14 C, most of the other radionuclides will have delivered almost their entire dose over the next two centuries (UNSCEAR 1993) .
Thus, when considering only 10 % of the 14 C dose commitment, which corresponds to the truncated effective dose commitment in the year 2200 (by which time most of the other radionuclides will have delivered almost their entire dose), the 14 C only contributes 19 % of the truncated effective dose commitment to the world's population (Fig. 2) . In this case,
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Cs has the highest contribution to the truncated effective dose commitment (35 %), followed by radionuclide 90 Sr (8.1 %) (Fig. 2 ). This comparative situation is necessary because the 14 C radionuclide has a much greater half-life compared with most other radionuclides (it is estimated that approx. 70 % of the collective effective dose commitment will have been delivered in 10 000 years, for a projected future stabilized world population of 10 10 people) (UNSCEAR 2000b). The radionuclide 14 C is created by nitrogen ( 14 N)-naturally present in the atmosphere-capturing the neutrons released in excess during nuclear tests. Once formed, it is rapidly oxidized to 14 CO and then to 14 CO 2 , and it is then transferred to the global carbon reservoirs (the atmosphere, the ocean, and the terrestrial biosphere), where it is very difficult to remove from, because of its extremely long half-life (5730 years) (Currie et al. 2011) .
In terms of the temporal evolution of mean annual 14 C concentration in the atmosphere, specialized measurements (Levin et al. 1994; Manning and Melhuish 1994) have shown that the values peaked in 1964, immediately after the entry into force of the LTBT (Fig. 3a) . This situation is valid especially in the northern hemisphere (according to the measurements taken at Vermunt Station, Austria), because in the case of the southern hemisphere, there is a gap of at least 1 year as far as the maximal recorded values are concerned (Wellington Station, New Zealand). The differences between the two stations, representative for the two hemispheres, can be explained by the time required by the isotope 14 C to propagate from the northern hemisphere to the southern hemisphere (Czeplak and Junge 1974) . Therefore, in the case of the northern hemisphere, a peak concentration of 835 % can be noticed in 1964, which then dropped steadily to a value of 226 % by 1983 (Fig. 3a) . The southern hemisphere values recorded a peak of 642 % in 1965 and a steady decline until 1993, the year for which the latest data are available (133 %) (Fig. 3a) . For these comparative situations, radiocarbon values are expressed in delta notation, which is the part per thousand deviation of the 14 C activity in the nineteenth century wood, according to the methodology developed by Stuiver and Polach (1977) .
Therefore, the thermonuclear tests conducted during 1950-1960 almost doubled the concentration of isotope Fig. 2 Radionuclide contributions to the total effective dose equivalent commitment (%) to the world population from atmospheric nuclear testing (data processing after UNSCEAR 1993) 14 C in the atmosphere, as a result of excessive injection of radioactive material into the stratosphere (Goodsite et al. 2001) . Thus, the premises were created for an accelerated transfer of that isotope to the geospheres (atmosphereocean-biosphere), which resulted in the drop of 14 C concentrations in the atmosphere, starting from 1964 through to the present time (Krakauer et al. 2006) .
The transfer of the radionuclide 14 C to the marine environment was possible through the exchange of gases in the ocean-atmosphere interference space. One of the methods used in reconstructing its fluctuations in the ocean consists in measuring its concentration in aquatic organisms, reservoirs that store 14 C. One example is the Arctica islandica bivalves mollusk, which served in the reconstruction of fluctuations of the radionuclide 14 C in the marine environment in the temperate zone of the North Atlantic (Scourse et al. 2012) .
Following detailed investigations, it was found that over the last five decades, there has been a continuous transfer of the radionuclide 14 C from the atmosphere into the ocean (as far as the North Atlantic is concerned), but there are differences in terms of its assimilation by the marine environment. This means that an amplitude fluctuation of maximum-minimum values exists, which was significantly attenuated and also much delayed compared with the concentration values in the atmosphere (peaks during 1964-1965 followed by a constant decline up to the present time, compared with the values from the marine environment, peaking in 1974 followed by a steady decline up to the year of the latest available data, i.e., 1996) (Fig. 3b ). This situation is primarily due to the much larger marine carbon-storage reservoirs, compared with the atmosphericstorage reservoirs, as well as with regional hydrographical and biogeochemical features (Scourse et al. 2012) .
Although the terrestrial biosphere has played an important role in the assimilation of the radionuclide 14 C from the atmosphere through the process of photosynthesis, the ocean was the largest storage reservoir of this radionuclide (Levin et al. 2010) . Therefore, in terms of environmental effects, the marine environment has played an essential role in limiting these effects by means of its great assimilation capacity, although there are also some negative aspects concerning the radionuclide accumulation in the aquatic organisms. Otherwise, there would have been a AMBIO 2014, 43:729-744 major risk that the radionuclide 14 C be assimilated in enormous quantities in the biosphere (especially by forest ecosystems), and subsequently assimilated in the food chain, too (including in the human body).
Another radionuclide of paramount importance in residual global contamination from atmospheric nuclear testing is 137 Cs, with a 30-year half-life. It was released in large quantities during atmospheric testing, and continues to be a major source of anthropogenic radioactivity. As more than 70 % of the Earth's surface is water-covered, the largest amounts of 137 Cs radioactive debris are accumulated in oceans and seas. At present, it is estimated that radionuclide 137 Cs is the main source of anthropogenic marine radioactivity, along with other important radionuclides (mainly 90 Sr, [239] [240] Pu, 241 Am, 3 H, and 14 C), released in large quantities during nuclear tests (IAEA 1995) . At the same time, at a planetary scale, global and local fallout events account for 90 % of the total 137 Cs isotope radioactivity, the remaining 10 % being linked to reprocessing plants (7 %) and the Chernobyl accident (3 %) (Aarkrog 2003) .
Although global fallout is considered to be the main source of 137 Cs radioactivity in the marine environment (in 2000, most marine regions had 137 Cs radionuclide concentrations ranging from 1 to 10 Bq/m 3 ), it is noteworthy that the highest mean 137 Cs seawater concentration values were recorded in the Northeastern Atlantic Ocean (the Irish and North Seas), Barents Sea, Baltic Sea, and Black Sea (mean concentrations exceeded the 10 Bq/m 3 threshold in 2000), these marine regions' radioactivity also resulting from the converging outcomes of additional sources (Livingston and Provinec 2000) . The highest average concentration of 137 Cs worldwide was found in the Baltic Sea, namely about 100 Bq/m 3 . Although in these instances, nuclear tests had a significant radioactivity contribution (markedly in the Barents Sea, where the high 137 Cs concentrations are due to the radioactive debris resulting from the Novaya Zemlya test site's activity), the main radioactivity sources are the Sellafield and La Hague reprocessing plants for the Northeastern Atlantic, and the Chernobyl accident for the Baltic Sea and the Black Sea (IAEA 1995 Livingston and Provinec 2000) . This change can be attributed not only to significant decreases in local fallout but also to the diminishment in 137 Cs discharge from the Sellafield reprocessing plant.
An important aspect of this radionuclide is related to marine biota accumulation and the subsequent transfer to human body through food chain cycles. However, considering this type of transfer exclusively, the radiological impact on the global population is negligible, because, in 2000, the average annual effective dose was 3 lSv (for a hypothetical group living in the Northeastern Atlantic coast region with an average consumption of 100 kg of fish and 10 kg of shellfish per year), which is considerably lower than the accepted value for the public of 1 mSv (Livingston and Provinec 2000) .
90 Sr (28.8-year half-life) is a particularly noteworthy radionuclide as well, released in large quantities in the terrestrial and marine environments during atmospheric nuclear tests. It was found that 90 % of the total deposition of 90 Sr and 137 Cs occurs as wet deposition during rainfall (UNSCEAR 2000b). In this respect, there are common traits with nuclear accidents like the one at Chernobyl, which involved the atmosphere-to-ground level transfer of radionuclide 90 Sr at a rate of about 96 % as wet deposition (WHO 2010). As in the case of radionuclide, 137 Cs, two of the most important environmental consequences of this radionuclide's transfer in the terrestrial environment are the soil deposition and soil-to-plant transfer, which were conditioned during nuclear testing from one region to another by climatic factors, soil physicochemical properties, and plant genetic peculiarities (Zhu and Shaw 2000) . Subsequently, the transfer to the human body through food chain cycles was the main threat to the local population's health (UNSCEAR 1993 (UNSCEAR , 2000b .
With regard to the marine environment, an important feature of sea and ocean transfers is the river runoff transport mechanism (of water and sediments), which seems to have been acutely velocious in numerous regions of the world (particularly in the Pacific region, where river discharges are distinctly high), compared with other radionuclides (Hamilton et al. 1996) . However, given the synergic context of global and local fallouts, and of reprocessing plant discharges, the North Atlantic is, in this instance as well, among the most heavily contaminated marine regions in the world. Nonetheless, over the recent decades, the radioactivity level decreased in most regions, even in the ones with the greatest exposure to nucleartesting effects. For instance, in the Kara Sea, where the highest concentrations of 90 Sr in surface water associated with local fallout (Novaya Zemlya) were reached in 1963 (approx. 39 Bq/m 3 ), concentration values decreased significantly over the recent decades (approx. 5 Bq/m 3 in 1994) (IAEA 2000) .
SPATIAL VARIABILITY OF NUCLEAR TESTS IN THE GLOBAL CONTEXT. CRITICAL ISSUES OF CONTAMINATION
According to the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO), the United States has conducted the largest number of nuclear weapons tests, most of them conducted especially on the North American soil (Fig. 4) . The Nevada desert is the major region where 44 % of all the nuclear tests worldwide were conducted. The environmental consequences are related to atmospheric contamination with radioactive isotopes (especially 14 C and 137 Cs) following the atmospheric nuclear tests conducted during 1951-1963. Other negative effects reported were related to atmospheric contamination with the radionuclides, 131 I and 133 I, which were later transferred to the biosphere mainly through rainfalls (Simon et al. 2006 ). The radionuclide 131 I was one of the main causes of increase thyroid cancer occurrence in the United States, as it was released in large quantities mainly during atmospheric nuclear tests (especially during 1951-1958) (Hundahl 1998; Gilbert et al. 1998 Gilbert et al. , 2010 .
Currently, in the Nevada Test Site region, there is a high risk of groundwater contamination with several radioactive isotopes (Tompson et al. 2002) . Among the most important isotopes, there are the 239-240 Pu isotopes, because it was observed that they can be involved in groundwater's hydrodynamic processes (with the risk of reaching the surface) (Smith and Williams 2005) . Another problem of underground tests is related to accidental atmospheric contamination with certain radioactive isotopes, as a result of venting. For instance, it is estimated that, out of the total number of approx. 800 underground tests performed in the Nevada Test Site, considerable quantities of radionuclide 131 I were released into the atmosphere through venting in at least the 32 known cases of underground tests (UNSCEAR 1993) .
The Soviet Union/Russia is responsible for conducting 35 % (715 tests) of the total number of nuclear tests worldwide, 65 % of them being conducted in the Semipalatinsk region of Kazakhstan (Fig. 5) . Specialized studies have shown that, currently the Semipalatinsk region is Fig. 4 The spatial distribution, type, the number, and the period/year of nuclear tests conducted by the United States during Am, the radionuclides present especially in the soil and the vegetation (IAEA 1998a; Kadyrzhanov et al. 2005) . It was also found that the local water bodies feature high concentrations of radioactive uranium isotopes ( 234,235,238 U), well above the maximum value of 15 lg/L allowed by the World Health Organization (Yamamoto et al. 2010) .
Currently, the former Soviet region of Semipalatinsk (Semey) is the most heavily contaminated among the Soviet nuclear test sites. While the most critically contaminated areas were found to be Ground Zero (the central-northern area of Semipalatinsk) and Lake Balapan (south-eastern central part), significant levels of radioactivity were also recorded in Tel'kem and Sary-Uzan areas (IAEA 1998a). Although there are no permanent human settlements in Ground Zero and Balapan, it is estimated that the annual effective dose for the people who visit these areas daily is of 10 mSv (compared, for instance, with the worldwide individual average annual dose of 2.4 mSv from all natural sources), and that, in case at some point permanent settlements be established there, the annual exposure will be of approx. 140 mSv (IAEA 1998a) .
Also, following detailed investigations, it was found that radioactive pollution is not only due to Soviet nuclear tests, but also to the nuclear tests conducted by China in the Tarim Basin. Apparently, part of the radioactive dust in the southern part of the Semipalatinsk region, accumulated during 1964-1981, was the result of the nuclear weapons tests conducted by China at Lop Nur. Thus, the additional quantities of radioactive isotopes, such as 137 Cs, 106,103 Ru, 141,144 Ce and 95 Zr, from the China-Kazakhstan border area, are responsible for the increase in the radioactive contamination of the environment (Yamamoto et al. 2004 ) Fig. 5 The spatial distribution, type, the number, and the period/year of nuclear tests conducted by the Soviet Union/Russia during (data processing from http://www.ctbto.org/map/); and spatial data modeling after digital elevation model, ETOPO1 (data processing from http:// www.ngdc.noaa.gov/mgg/global/global.html) and, according to Yamamoto et al. (2004) , also for the increased incidence of cancers in the local population.
Another site of major importance is Novaya Zemlya, where nearly 20 % of all the Soviet Union's nuclear testing was carried out (130 nuclear tests) (Fig. 5) . As nearly 70 % of all tests were atmospheric, substantial amounts of nuclear debris reached the stratosphere (especially in 1961 and 1962) , thus entering a global-scale dispersion process. Locally,
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Cs and [239] [240] Pu radionuclides were found to be the main sources of contamination, mainly in marine waters (IAEA 2000) . In terms of megatonnes, Novaya Zemlya is the site where the most powerful nuclear test ever performed took place-the Tsar test on October 30, 1961 (a total of 50 Mt, of which 1.5 Mt was from fission yield and 48.5 Mt from fusion yield) (UNSCEAR 2000a).
Nuclear tests with serious contamination effects were also conducted in Eastern Asia, Australia, and the North Pacific (Fig. 6) . Lop Nur, in western China, stands out among the most heavily contaminated sites, where the 23 nuclear tests conducted during 1964-1980 have generated a number of radioactive isotopes that have contaminated the biggest part of the province of Xianjiang, including eastern Kazakhstan (Yamamoto et al. 2004) . Currently, it is estimated that due to the prolonged nuclear tests, cancer incidence in the province is approx. 30-35 % higher than the average rate across China (Merali 2009 ).
As regards India and Pakistan, it can be concluded that there are no significant instances of environmental contamination due to the very low number of nuclear tests. However, the United Kingdom is responsible for the radioactive pollution of vast areas of the Australian continent, as a result of the 12 atmospheric nuclear tests (especially resulting in the dispersal of 239 Pu) conducted at Maralinga, Emu Field, and Montebello (UNSCEAR 2000a) (Fig. 6) . One of the biggest environmental disasters from the nuclear tests period was caused by the USA in the North Pacific, this being the case of radioactive contamination in the wake of the Castle Bravo nuclear test on the Bikini atoll, in 1954 (Fig. 6) . Pollution of marine ecosystems in the region, and particularly the impact on the local population in terms of the drastic increase of thyroid cancer incidence as a result of the population's exposure to extremely high doses of radiation, were the negative consequences of the most serious episode of radioactive contamination in the history of nuclear weapons testing (Takahashi et al. 2003; Simon et al. 2006) . For a better perspective, the values of absorbed radiation dose recorded were as high as 6 Gy (in the case of Japanese fishing vessel. Lucky Dragon, close to the contaminated area, with 23 people on board), in comparison, for example, with the 1 mGy value of the average individual effective dose of radiation due to natural radioactive materials in the Earth's crust and cosmic radiations during 1 year (Hundahl 1998; Simon et al. 2006) . However, the dose rate of ionizing radiation due to natural sources varies considerably in the global context, one example being the Earth's crust, which, in particular situations, may feature high levels of radioactive material, depending on the rock lithology (Ramasamy et al. 2012; Ion 2013) .
Looking at the overall situation, the 23 atmospheric nuclear tests conducted by the United States in this Pacific region have led to the contamination of soil and marine ecosystems, particularly with radionuclides such as 137 Cs (found in marine water, lagoon sediment, and fish), 90 Sr (coral soils), and 239,240 Pu and 241 Am (both being found mainly in coral sediments) (IAEA 1998b) . Regarding human exposure, it is expected that, for a hypothetical group living on the Bikini Island and consuming only locally produced food, the annual effective dose will be of approx. 15 mSv (mainly from 137 Cs) or 17.4 mSv, if the average annual effective dose due to all natural sources of radiation is included (IAEA 1998b) .
Other cases of intense radioactive pollution of marine ecosystems are represented by the French nuclear tests carried out during 1966-1996 in French Polynesia, more specifically on the Moruroa and Fangataufa atolls, in the south-eastern part of the Tuamotu-Gambier archipelago. France conducted 179 nuclear tests on the Moruroa atoll alone, 42 of them in the atmosphere and 137 in the underground, making this site the third in the world in terms of the most number of nuclear weapons tests, after the Nevada Test Site, and Semipalatinsk. In Fangataufa, the number of nuclear tests was much lower (14 tests: 4 in the atmosphere and 10 in underground), but the carrying out of the biggest French thermonuclear test in 1968 (the Canopus test) caused a serious radioactive contamination, especially in the marine environment. According to specialized research, in the case of the release of radionuclides in marine ecosystems, the negative effects consist foremost in the accumulation of radionuclides in the biota (Erichsen et al. 2013) , and later in the food chain (Kryshev and Ryabov 2000; Koulikov and Meili 2003) .
Currently, radioactive pollution of the two atolls is mainly due to radionuclides 238, 239, 240 Sb (IAEA 1998c; Livingston and Provinec 2000) . While the highest concentrations of radioactive 239,240 Pu isotopes were found in atoll lagoon sediments, in terms of human exposure, plutonium-related radiation effects are negligible, given the low rate of transfer to people through feasible pathways (IAEA 1998c) . Although the atolls were also exposed to sizeable amounts of 137 Cs, with peaks in the Kilo-Empereur area of the Fangataufa atoll, an estimated annual effective dose for a hypothetical group living in this area would be of only 0.25 mSv, significantly lower than the annual effective dose of 2.4 mSv, resulting from all natural sources (IAEA 1998c).
However, the increased incidence of thyroid cancer in the local population (in the Tuamotu-Gambier archipelago, the Austral, Societe and Marquises islands) due to internal irradiation, mainly with radioiodines present in food and water, is an important negative consequence of the nuclear tests conducted by France in the Pacific region de Vathaire et al. 2010 ).
French nuclear tests carried out in Algeria from 1960 to 1966 on two major sites, Reggane (four atmospheric tests performed between 1960 and 1961) and Ekker (13 atmospheric tests conducted from 1961 to 1966), led to a significant environmental contamination in North Africa, particularly high in desert sand, mainly due to the release of [239] [240] Pu, 137 Cs, and si 90 Sr radionuclides (IAEA 2010). Therefore, considering the geographic conditions of the two areas of Algeria, with regard to human exposure, it was found that the main exposure pathways are inhalation and ingestion of contaminated particles (dust), for both underground and atmospheric nuclear tests (IAEA 2010).
HUMAN HEALTH EXPOSURE (THYROID CANCER). CASE STUDY: UNITED STATES
In terms of human health exposure, specialized studies have shown that thyroid cancer (generally, papillary thyroid cancer) is the most important consequence of nuclear tests, mainly due to radionuclide 131 I (UNSCEAR 2006). While the United States is one of the most relevant examples for significant increases in thyroid cancer incidence over the past decades (these increases were influenced to a considerable extent by iodine irradiation) (Gilbert et al. 1998 (Gilbert et al. , 2010 , similar ascending patterns have been identified in other regions of the world too, where the 131 I radionuclide was released during atmospheric nuclear tests.
According to the National Cancer Institute (NCI 1997a), 99 % of the 131 I released (150 MCi) during the U.S. nuclear tests is due to atmospheric nuclear tests conducted in the Nevada Test Site, especially between 1951 and 1958. Although it has a low half-life (8 days), it caused the contamination of the American population through rainfall runoff, ground storage (Fig. 7d) , and biosphere transfer (by grassland accumulation). Outstanding cases of radioactive soil contamination were recorded in the states of Nevada, Utah, Colorado, Wyoming, and northern Arizona, and New Mexico (over 370 kBq/m 2 ), with a noticeable radioactivity decrease over distance from the Nevada Test Site. This is explained by the air-mass dynamics of the 1951-1958 time period (during which the highest release of 131 I radioactive debris was recorded), with dominant west-toeast air-mass movements (Fig. 7a-c ). This shift occurred at different altitude thresholds of the atmosphere (even in the tropopause, above 10 km) and prompted a regional 131 I radionuclide dispersion process (Hundahl 1998) . The Simon test (April 25th, 1953 ) is a relevant example, which released large amounts of radioactive debris, with the top of the radioactive cloud reaching a 13.7-km atmospheric height. In this instance, 80 % of the 131 I activity contained in the radioactive debris was estimated to be between 9.5 km and 13.7 km (where, due to higher wind speeds, the radioactive dust dispersion process was accelerated), 10 % was between 9.5 km and ground level, and the remaining 10 % was deposited as the local fallout (NCI 1997a). Therefore, wind characteristics at different levels of the troposphere (the example of Figs. 7a, b, c) and the dominant west-east wind shift have resulted in the rapid dispersion of 131 I radioactive dust over long distances and the contamination of vast territories, at least at a regional scale, during atmospheric nuclear tests.
However, the fact that there are certain spatial differences between the 131 I radioactive dust deposited at ground Fig. 7 The composite climatic parameters of wind direction and speed in the United States during 1951-1958, at different heights of the atmosphere (by atmospheric pressure), respectively 3 km (about 700 mb, after the model of a standard atmospheric pressure) (a); 7 km (about 400 mb) (b); and 12 km (about 200 mb) height (c) (data processing from http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl); total 131 I ground deposition (d) for all atmospheric nuclear tests (data processing from NCI 1997b); and total average per capita cumulative thyroid dose (attributable to 131 I contamination) (e) resulting from all exposure routes from all atmospheric tests (data processing from http:// www.cancer.gov/cancertopics/causes/i131/stateandcountyexposure) level (Fig. 7d) and the cancer thyroid dose values of the population (Fig. 7e ) must be acknowledged. According to the NCI report (NCI 1997b, c, d) , the initial radionuclide retention by vegetation (especially by the grass one), the territorially-differentiated consumption levels by cows, and especially the contaminated milk processing-distributionconsumption mechanism dynamics in the United States (particularly during the fifth decade of the last century), represent the main causes for the spatial inconsistencies between the radioactive soil contamination and the irradiation of the population. Therefore, one of the most important transmission vectors of the radioactive isotope in question, especially between 1950 and 1960, was the largescale contaminated milk distribution-consumption process in the United States, which affected even certain regions of the country's East Coast. At the same time, the population Fig. 8 Thyroid cancer incidence in Utah (1990 -2009 ), Idaho (1999 , Montana (1999 -2009 ), Wyoming (2000 , Colorado (1995 -2009 ), Nebraska (1999 -2009 ), Kansas (2000 -2009 ), Minnesota (1988 -2009 ), Iowa (1973 , Missouri (1999 -2009 ), Arkansas (1996 ), and Illinois (1999 -2009 irradiation process was amplified through the reinforcement of national-scale long-distance milk transportation and distribution patterns, as a result of the widespread use of refrigerated trucks and the reduced transportation costs in this decade (NCI 1997d) .
Therefore, considering certain variables such as age categories during exposure, geographic regions (with regard to contamination sources), and regional dietary patterns, detailed analyses have shown that the highest average per capita cumulative thyroid doses (expressed in milligray) were found in the states of Idaho, Montana, Utah, Colorado, and South Dakota (over 90 mGy) (Fig. 7e) . Moreover, another nine states recorded high values of thyroid doses, namely over 60 mGy. In order to get a better perspective on the facts, by summing up an annual average of approx. 1 mGy of the individual effective dose of radiation due to natural sources (cosmic and terrestrial gamma rays) over a 10-year time period, according to a method that is similar to that used for computing the cumulative dose during atmospheric nuclear tests-a 10 mGy cumulative dose is obtained, which is significantly lower than the dose surplus arising from the 131 I contamination in the aforementioned states (Hundahl 1998) .
This surplus of the thyroidal dose could be responsible for the increase in the incidence of thyroidal cancer over the last decades, at least for the severely affected states (Fig. 8) . In this case, the incidence rate can be considered a relevant indicator, as thyroidal cancer is usually characterized by morbidity and hardly ever by mortality.
By analyzing the thyroid incidence dynamics over the recent decades (or over the last decade only, depending on the available data), it was found that, while all the case studies indicated significant increases, clear growth patterns could be noticed in female subjects (who are more prone to this type of cancer) in the following states: Utah (from 10 per 100 000 in 1990 to 29.4 per 100 000 in 2009), Idaho (from 8.5 per 100 000 in 1999 to 26.1 per 100 000 in 2010), Wyoming (from 7.7 per 100 000 in 2000 to 25.1 per 100 000 in 2010), and Iowa (from 4.3 per 100 000 in 1973 to 18.6 per 100 000 in 2010) (Fig. 8) . Apparent ascending patterns were also found in Nebraska, Colorado, and Minnesota. Therefore, it can be asserted that, while there is a certain connection between the average per capita cumulative thyroid dose values and the thyroidal cancer incidence rate increase in the analyzed states, it can only be attributed to 131 I to a certain extent. The significant rise of thyroidal incidents can also be closely related to the therapeutic radiation treatments or other risk factors (mostly connected to medical procedures) which have become increasingly perceivable over the last three decades not only in the United States, but also on a global scale (Chen et al. 2009; Pellegriti et al. 2013) .
As a result, while it is cumbersome to correctly determine which risk factors were responsible for the thyroidal cancer incidence increase over the past decades, most studies have shown that therapeutic radiation treatments and environmental exposure to 131 I from atmospheric nuclear testing are the most important risk factors. In a global context, the Chernobyl accident may have been an additional important cause of thyroidal cancer incidence increase in the United States, over the recent decades.
Also, with regard to population exposure to thyroidal cancer risks from 131 I, it is presently significantly lower, and only certain categories of people present a higher incidence risk. These categories depend mostly on variables such as their age at exposure (generally, children up to 10 years of age were the highest risk category during atmospheric nuclear tests), their location between 1951 and 1962, their main diet, their source of milk (as cow milk was the main contamination source), and the amount of milk consumed (Lyon et al. 2006) . Therefore, the age at exposure is one of the most important variables, as people exposed to radioactive iodine as children may present a high thyroidal cancer risk even decades after the cessation of atmospheric nuclear testing.
CONCLUSIONS
The nuclear tests conducted in the second half of the twentieth century had a predominant geopolitical characteristic (part of the nuclear programs of the great powers, a means for the nuclear states to reassert their position on the global geopolitical stage), but with serious ecological and social consequences. From the ecological point of view, at this stage, there are a few critically contaminated test sites both on land (the Nevada Test Site, Semipalatinsk) and in the marine environment (especially the Bikini, Enewetak, Moruroa, Fangataufa atolls, and Novaya Zemlya marine areas). 137 Cs, 90 Sr, [239] [240] Pu, 241 Am, and 131 I stand out among the radioactive isotopes released during nuclear tests, in terms of having caused a major impact on the environment and irradiation of the human body; these isotopes were predominantly found in most of the nuclear test sites worldwide. Since approximately two thirds of the Globe's surface is covered by water, a significant share of these radionuclides has been transferred into the marine environment, as in the cases of radionuclides 137 Cs and 90 Sr, with negative consequences being primarily related to the bioaccumulation through food chain cycles.
The indirect transfer of radionuclides into the geospheres and their accumulation in living cells, by way of the food chain, was yet another form of radioactive contamination of the marine and terrestrial ecosystems. One of the most representative examples is the isotope 14 C released into the atmosphere during nuclear tests, which is later integrated into the CO 2 , and then reaches the marine environment, by means of the ocean-atmosphere gas exchange, or the biosphere through the process of photosynthesis.
In terms of human exposure, the increase in the thyroidal cancer incidence in many areas of the globe (strongly affected by the radioactive contamination with the 131 I radionuclide) is the one among the worst consequences of nuclear testing. This paper's case study, the United States, could be a relevant example, as a significant thyroidal cancer incidence increase can be noticed in the most severely affected states. However, determining to what extent this radionuclide had influenced the incidence dynamics is not easily accomplishable, given the fact that the development of various therapeutic radiation treatments over the recent decades represents another major cause for the increase in the thyroidal cancer incidence in the United States.
